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A disposable microarray was developed for detection of up to 90 antibiotic resistance genes in gram-positive
bacteria by hybridization. Each antibiotic resistance gene is represented by two specific oligonucleotides chosen
from consensus sequences of gene families, except for nine genes for which only one specific oligonucleotide
could be developed. A total of 137 oligonucleotides (26 to 33 nucleotides in length with similar physicochemical
parameters) were spotted onto the microarray. The microarrays (ArrayTubes) were hybridized with 36 strains
carrying specific antibiotic resistance genes that allowed testing of the sensitivity and specificity of 125
oligonucleotides. Among these were well-characterized multidrug-resistant strains of Enterococcus faecalis,
Enterococcus faecium, and Lactococcus lactis and an avirulent strain of Bacillus anthracis harboring the broad-
host-range resistance plasmid pRE25. Analysis of two multidrug-resistant field strains allowed the detection
of 12 different antibiotic resistance genes in a Staphylococcus haemolyticus strain isolated from mastitis milk
and 6 resistance genes in a Clostridium perfringens strain isolated from a calf. In both cases, the microarray
genotyping corresponded to the phenotype of the strains. The ArrayTube platform presents the advantage of
rapidly screening bacteria for the presence of antibiotic resistance genes known in gram-positive bacteria. This
technology has a large potential for applications in basic research, food safety, and surveillance programs for
antimicrobial resistance.
The intensive use of antibiotics in both public health and
animal husbandry has selected for antibiotic-resistant bacteria
(39). Under antibiotic selective pressure, bacteria have the abil-
ity to develop and exchange resistance genes, making them non-
susceptible to the antimicrobial substances deployed. While
antibiotic resistance has emerged in some important animal
and human gram-positive pathogens, such as Staphylococcus
and Streptococcus spp. and Clostridium perfringens, others, such
as Bacillus anthracis, are currently still sensitive to antibiotics
(15, 24). Nevertheless, B. anthracis can acquire resistance genes
from other gram-positive bacteria in vitro, as previously de-
scribed (30, 46) and as demonstrated in this study. It is there-
fore important to follow the evolution of antibiotic resistance
in the bacterial population in order to prevent and repress the
emergence of multidrug-resistant strains of those bacteria that
can still be treated with antibiotics.
Furthermore, commensal bacteria represent a reservoir of
antibiotic resistance genes that have the potential to be trans-
ferred to human and animal pathogens. An effort has therefore
been made in Europe to reduce the emergence and spread of
resistant bacteria. The use of antimicrobial substances for non-
therapeutic purposes in animal husbandry has been banned,
and surveillance programs for antibiotic-resistant bacteria among
both human and animal isolates have been implemented (40).
Additionally, it has been proposed that bacteria used as pro-
biotics in food or feed or as starter cultures for the food in-
dustry must be free of antibiotic resistance genes (http://europa
.eu.int/comm/food/fs/sc/scf/out178_en.pdf). Bacteria used in
food preparation are mainly gram positive and include Lacto-
coccus, Lactobacillus, Pediococcus, Leuconostoc, Carnobacte-
rium, Enterococcus, Micrococcus, Streptococcus, Staphylococcus,
and Propionibacterium spp. Animal probiotics consist mainly of
strains of Bacillus, Enterococcus faecium, Pediococcus, Lacto-
bacillus, and Streptococcus.
A simple method which allows the rapid detection of anti-
biotic resistance genes would complement the standard MIC
determination for pathogenic and commensal bacteria. In the
clinic, this would have the advantage of detecting silent anti-
biotic resistance genes which might be turned on in vivo or
spread to other bacteria and would help in prescribing the
appropriate antibiotic. Such a method could also be applied to
slow-growing bacteria, for which the MIC determination may
cause problems. In the food industry, it would help to deter-
mine whether antibiotic-susceptible starter cultures harbor si-
lent antibiotic resistance genes which could directly reach con-
sumers through the food chain. This technology could be used
as a tool to survey the antibiotic resistance gene situation in
specific bacteria and would enable rapid tracking of newly
emerging resistance genes. For these purposes, a convenient
and affordable technology should be available.
Today, PCR and hybridization analysis are common meth-
ods used to detect antibiotic resistance genes in bacteria. How-
ever, the detection of specific resistance genes remains a tre-
mendous amount of work if every possible resistance gene has
to be assessed, and therefore microarray technology is most
suitable for resistance gene analysis (28). The few microarrays
that have been developed to date for identification of antibi-
otic resistance genes are either restricted to a class of drug or
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limited to a certain number of genes. Call et al. developed a
microarray for detecting 17 tetracycline resistance genes and
one -lactamase gene (8). Recently, a microarray-based system
has been optimized for the detection of genes specific to Staph-
ylococcus aureus, including 12 resistance genes known to occur
occasionally in this species (37).
In this report we describe the first hybridization system using
microarray technology for routine microbial investigations that
allows rapid and efficient screening of gram-positive bacteria
for the presence of up to 90 of the most prevalent and trans-
ferable antibiotic resistance genes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. Strains harboring well-characterized
resistance genes as well as field strains were used to test the specificity and
sensitivity of the microarray-based hybridization system. Hybridization results
are shown only for some selected strains (see Fig. 2 and 3). The completely
sequenced broad-host-range enterococcal plasmid pRE25 (48), which contains
five resistance genes [catpIP501, erm(B), sat4, aph(3)-III, and ant(6)-Ia], was used
as a gene target to reveal the presence of resistance genes in Enterococcus and in
an avirulent strain of B. anthracis. Lactococcus lactis K214, harboring the mosaic
resistance plasmid pK214 [tet(S), cat-LM, mdt(A), and str] (43), was used as an
example of a starter culture. The array was also tested with a vancomycin-
resistant E. faecium strain harboring a van(A) gene and with strains showing a
multidrug resistance phenotype but an unknown genotype. For this purpose, one
Staphylococcus haemolyticus strain isolated from mastitis milk and one C. per-
fringens isolate from cattle were investigated.
All the strains were grown on tryptone soya agar containing 5% defibrinated
sheep blood (Oxoid Ltd., Basingstoke, England) at 37°C unless otherwise indi-
cated. C. perfringens was incubated under anaerobic conditions. L. lactis was
grown on M17 agar (Oxoid) at 30°C. Escherichia coli and B. anthracis strains were
grown on Luria-Bertani (LB) agar plates at 37°C. In liquid media, Enterococcus
and Staphylococcus were grown in brain heart infusion broth, Bacillus strains in
LB broth, and L. lactis in GM17 broth. C. perfringens was grown in Scha¨dler broth
(Oxoid) supplemented with 0.05% (vol/vol) L-cysteine at 37°C under anaerobic
conditions. The assays involving B. anthracis strains were performed in a bio-
safety level 3 laboratory using avirulent strains.
TABLE 1. Bacterial strains and plasmids
Strain Characteristic(s)a Reference or sourceb
Enterococcus faecalis RE25 pRE25 [erm(B), catpIP501, aph(3)-III, sat4, ant(6)-Ia]; tet(M) 48
Enterococcus faecalis JH2-2 Rif r Fusr 31
Enterococcus faecalis JHRE25-2 JH2-2 containing pRE25 [erm(B), catpIP501, aph(3)-III, ant(6)-Ia, sat4]; Rif
r Fusr 48
Lactococcus lactis K214 pK214 [tet(S), cat-LM, mdt(A), str] 43, 44
Clostridium perfringens MLP26c tetA(P) erm(B) sat4 catP aph(3)-III ant(6)-Ia This study
Staphylococcus haemolyticus VPS617d tet(K) mph(C) erm(C) msr blaZ mecA dfr(A) aph(3)-III aph(2)-Ia aac(6)-Ie
ant(6)-IaInorA sat4
This study
Bacillus anthracis 4230 pXO2 [cap::ant(9)-Ia, acpA]; pX01; bla1 bla2 23
Bacillus anthracis BR4253 4230 containing pRE25 [erm(B), catpIP501, aph(3)-III, ant(6)-Ia, sat4]; pXO2

[cap::ant(9)-Ia, acpA]; pXO1; bla1 bla2
This study
Enterococcus faecium SF11770 aac(6)-Im aph(2)-Ib aac(6)-Ii ant(4)-Ia ant(6)-Ia aph(3)-III erm(B) sat4
tet(L)-1 tet(M) van(A) van(Z)
11
Enterococcus gallinarum SF9117 aph(2)-Ic van(C-1) erm(B) 12
Enterococcus casseliflavus UC73 aph(2)-Id van(C) 53
Bacillus subtilis BR151 pPL708 [cat-86, ant(4)-Ia] 21
Bacillus subtilis DSM4393 pC194 (cat-TC); tet(L)-2 aadK DSMZ
Escherichia coli JIR1905 pWD212 (catB) 29
Escherichia coli JIR1597 pJIR235 (catQ) 3
Staphylococcus aureus NCTC50582 pC221 (catpC221); norA NCTC
Listeria monocytogenes BM4293 dfr(D) 9; CIP
Bacillus subtilis EC101 pEC101 [erm(D), cat-TC]; tet(L)-2 aadK 35
Escherichia coli VA831 pVA831 [erm(F)] 35
Escherichia coli/pGERM pGERM [erm(G)] 50
Staphylococcus warneri VC5 pVC5 [Inu(A)]; blaZ 41
Escherichia coli DB10 Inu(B) 7
Streptococcus salivarius Sp6 mef(A) erm(B) 51
Streptococcus pyogenes A498 tet(T) 14; CIP
Escherichia coli SC1 pSC1 [tet(W)] 4
Escherichia coli AGHD1 pAGHD1 [tet(Z)] 52
Enterococcus faecium 70/90 van(A) van(Z) aac(6)-Ii tet(M) erm(B) 33; this study
Enterococcus faecalis DSM12956 van(B) sat4 ant(6)-Ia aph(3)-III erm(B) DSMZ
Enterococcus casseliflavus DSM20680 van(C) DSMZ
Enterococcus gallinarum BM4174 van(C-1) tet(L)-1 tet(U) tet(M) ant(6)-Ia aph(3)-III erm(B) sat4 20
Enterococcus faecium 10/96A van(D4) 17
Enterococcus faecium N0-0072 van(D5) sat4 erm(B) ant(6)-Ia 6
Enterococcus faecalis BM4405 van(E) 22
Enterococcus faecalis BM4518 van(G) aac(6)-Ie aph(2)-Ia erm(B) 18
Staphylococcus aureus BM3093 pIP680 [vat(A), vgb(A), vga(A)]; norA 1; CIP
Staphylococcus aureus BM3318 vat(B) vga(B) erm(A) vga(A)v aac(6)-Ie ant(4)-Ia ant(6)-Ia ant(9)-Ia aph(2)-Ia
aph(3)-III blaZ mecA sat4 norA
27; CIP
Staphylococcus cohnii BM10711 pIP1714 [vat(C), vgb(B)]; erm(C) mecA tet(K) 2
Lactobacillus fermentum ROT1 pLME300 [vat(E), erm(LF)]e 26
a The genes highlighted in bold are those used as references to validate the microarray. The other genes are those that were additionally detected in the reference
strains with the microarray. Rifr, rifampin resistance; Fusr, fusidic acid resistance.
b NCTC, National Collection of Type Cultures, Centre for Infections, Colindale, London, England; DSMZ, Deutsche Sammlung von Mikroorganismen und Zell-
kulturen GmbH, Braunschweig, Germany; CIP, Collection de l’Institut Pasteur, Paris, France.
c C. perfringens MLP26 was isolated from the intestines of a calf.
d S. haemolyticus VPS617 was isolated from the milk of a cow with mastitis.
e erm(LF) is an erm(T)-like gene which contains a 260-bp 3 fragment identical to erm(B).
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Conjugal transfer. The transfer of plasmid pRE25 (48) from E. faecalis RE25
to B. anthracis 4230 was performed by filter mating as described previously (42).
The transconjugants were selected on LB agar plates containing 19.2 g of the
combination trimethoprim-sulfamethoxazole (1:5) (3.2 g:16 g) and 10 g of
erythromycin per milliliter. The transconjugants were identified by colony mor-
phology and by the detection of both the catpIP501 and erm(B) resistance genes
present on plasmid pRE25 by PCR.
Antimicrobial susceptibility tests. The MICs of erythromycin, clindamycin,
chloramphenicol, gentamicin, kanamycin, streptomycin, tetracycline, the combina-
tion quinupristin-dalfopristin, enrofloxacin, vancomycin, oxacillin, penicillin, the
sulfonamide sulfisoxazole, trimethoprim, and the combination amoxicillin-clavu-
lanic acid were determined in Mueller-Hinton broth using custom Sensititre sus-
ceptibility plates (Trek Diagnostics Systems, East Grinstead, England; MCS Diag-
nostics BV, Swalmen, The Netherlands) according to NCCLS guidelines (38).
PCR techniques. The antibiotic resistance genes were amplified by PCR using
Taq DNA polymerase in accordance with the supplier’s directions (Roche Di-
agnostics, Basel, Switzerland) and using an annealing temperature of 54°C. The
oligonucleotides used for PCRs are listed in Table 2.
Genomic DNA isolation. Total DNA was obtained after half a loopful of
bacterial cells was lysed in a lysis buffer (0.1 M Tris-HCl, pH 8.5, 0.05% Tween
20, 0.24 mg/ml proteinase K) for 1 h at 60°C, followed by a 15-min denaturation
step at 95°C. The lysate was filtered through a 0.2-m HT Tuffryn membrane
(Acrodisc Syringe Filter; Pall Gelman Laboratory, Ann Arbor, MI). Alterna-
tively, DNA was isolated using the guanidium thiocyanate method (45) and was
extracted with phenol-chloroform. After addition of ammonium acetate, the cell
lysates were purified with 1 volume of phenol:chloroform:isoamyl alcohol (49.5:
49.5:1 [vol/vol/vol]). After 5 min of centrifugation at 14,000 rpm (Centrifuge Ep-
pendorf 5415; Eppendorf AG, Hamburg, Germany), the water phase was treated
with 1 volume of chloroform:isoamyl alcohol (49.5:1 [vol/vol]). The DNA was pre-
cipitated by the addition of 0.6 volume of isopropanol to the aqueous phase and then
centrifuged. The DNA pellet was washed once with 80% ethanol and, after a
5-min centrifugation, was dried under a vacuum and resuspended in water.
DNA labeling. The quality of each DNA preparation was assessed by agarose
gel electrophoresis using 5 l of the DNA sample and subsequent ethidium
bromide staining. The concentration of DNA was determined spectrophoto-
metrically at 260 nm. Genomic DNA (10 to 100 ng) was labeled by a randomly
primed polymerization reaction using Sequenase, version 2.0 (USB Corporation,
Cleveland, Ohio) and consisted of three cycles of enzymatic reactions. The
labeling reactions were based on the method of Bohlander et al. (5). The
protocol, as modified by the DeRisi Laboratory (University of California, San
Francisco; www.microarrays.org/pdfs/Round_A_B_C.pdf), was altered as fol-
lows. Round A was used unmodified. During Round B, 25 instead of 35 PCR
cycles were performed. In Round C, end concentrations of 0.1 mM (each) dATP,
dCTP, and dGTP, 0.065 mM dTTP, and 0.035 mM biotin-16-dUTP (Roche
Diagnostics) were used instead of the concentrations stated. Furthermore, 35
PCR cycles were run, and a fraction (10 to 20 l) of the finished reaction product
was used for hybridization analysis without further purification steps.
DNA array preparation. The gene sequences and the derived specific oligo-
nucleotides used to prepare the microarray are listed in Table 3. The oligonu-
cleotides were designed from published DNA sequences using the Array Design
TABLE 2. Oligonucleotides used for the detection of resistance genes by PCR analysis
Gene Primer name Sequence (533) Primer design reference or source
catpIP501 catF CCTGCGTGGGCTACTTTA This study
catR CAAAACCACAAGCAACCA
erm(B) erm(B)-F GAAAAGGTACTCAACCAAATA 13
erm(B)-R GTAAACAATTTAAGTACCATTACT
erm(C) erm(C)-F AATCGGCTCAGGAAAAGG This study
erm(C)-R ATCGTCAATTCCTGCATG
mecA mecA-1 AAAATCGATGGTAAAGGTTGGC 34
mecA-2 AGTTCTGCAGTACCGGATTTGC
tet(K) tet(K)-1 TTAGGTGAAGGGTTAGGTCC This study
tet(K)-2 GCAAACTCATTCCAGAAGCA
tetA(P) tetA(P)F CACAGATTGTATGGGGATTAGG 36
tetA(P)R CATTTATAGAAAGCACAGTAGC
tet(L) tetLF GTGAATACATCCTATTCA This study
tetLR TTAGAAATCCCTTTGAGA This study
tet(U) tetU-F ATGCAGCTAAGACGTGGC This study
tetU-R TTATTCGGTATCACTTCTCTGTC
sat4 sat4-F CGATAAACCCAGCGAACC This study
sat4-R ATAACATAGTATCGACGG
aph(3)-IIIa aph3-III-F CCGCTGCGTAAAAGATAC This study
aph3-III-R GTCATACCACTTGTCCGC
ant(6)-Ia ant6-I-F AATTGTGACCCTTGAGGG This study
ant6-I-R GGCATATGTGCTATCCAG
aac(6)-Ie-aph(2)-Ia aac6-aph2-F CAGAGCCTTGGGAAGATGAAG 54
aac6-aph2-R CCTCGTGTAATTCATGTTCTGGC
aac(6)-Ii aac(6)-Ii-F GAGATACTGATTGGTAGC This study
aac(6)-Ii-R TCTTCACTGACTTCTGCC
dfr(A) dfrA-F CCTTGGCACTTACCAAATG This study
dfrA-R CTGAAGATTCGACTTCCC
blaZ blaZ-F CAGTTCACATGCCAAAGAG This study
blaZ-R TACACTCTTGGCGGTTTC
mph(C) mphC-F CATTGAATGAATCGGGAC This study
mphC-R TTCATACGCCGATTCTCC
van(E) vanE-F AGAATGGTGCTATGCAGG This study
vanE-R TCATGATTTTCCACCGCC
msr(A) msrA-F GCTTAACATGGATGTGG This study
msr(SA) msrA-R GATTGTCCTGTTAATTCCC
msr(SA)
catD catDPS-F CCTTGYACATACAGYATGAC This study
catP catDPS-R AACTTGRATKGCSARAGGAAG
catS
vgb(B) vgb(B)-F GTCTATTCCCGATTCAGG This study
vgb(B)-R TGCAAACCATACGGATCC
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Software Package (Clondiag Technologies, Jena, Germany). They consist of 26-
to 33-mers with similar physicochemical parameters. The probes were spotted
onto a 3- by 3-mm glass surface with a Microgrid II spotting machine (BioRobotics
Inc./Apogent Discoveries Europe, Cambridge, England) as described previ-
ously (37). The glass substrates were incorporated into standard microreac-
tion tubes. The layout of the spotted probes in the microarray is shown in Fig. 1.
DNA hybridization and detection. The microarray tubes were positioned in a
Thermomixer comfort (Eppendorf AG, Hamburg, Germany) and washed twice
with QMT hybridization buffer (Quantifoil, Jena, Germany) for 5 min at 30°C
and 550 rpm. The labeled genomic DNA (10 to 20 l) was mixed with QMT
hybridization buffer to obtain a final volume of 100 l, denatured for 5 min at
94°C, kept on ice for 3 min, and hybridized for 1 h at 60°C and 550 rpm. The
arrays were washed in 500 l 2 SSC (1 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate, pH 7.0) containing 0.2% sodium dodecyl sulfate solution for 5
min at 30°C and 550 rpm, in 500 l 2 SSC for 5 min at 20°C and 550 rpm, and
in 500 l 0.2 SSC for 5 min at 20°C and 550 rpm. The arrays were blocked with
100 l 6 SSPE (60 mM sodium phosphate, 1.08 M NaCl, 6 mM EDTA, pH 7.4)
solution containing 0.005% Triton X-100 and 2% (wt/vol) milk powder for 15
min at 30°C and 550 rpm; then 100 l of conjugate buffer (6 SSPE, 0.005%
Triton X-100, 100 pg/l of streptavidin-peroxidase conjugate [Clondiag]) was
added, and the array tubes were incubated for 15 additional minutes at 30°C and
550 rpm. The arrays were washed in 2 SSC–0.01% Triton X-100 at 30°C for 5
min and in 2 SSC and then 0.2 SSC for 5 min at 20°C. The arrays were kept
at 20°C in the last washing solution until visualization. The hybridized probes
were enhanced using 100 l of tetramethylbenzidine peroxidase substrate (Clon-
diag). The peroxidase staining procedure and the online detection were per-
formed in an atr01 array tube reader (Clondiag) for 15 min at 25°C according to
the manufacturer’s specifications. The hybridization analyses were performed in
duplicate.
The data were analyzed using Iconoclust software (Clondiag). Signal intensity
and local background were measured for each spot on the array. Extinctions of
local backgrounds were subtracted from extinctions of spots. A threshold was
determined so that each value above zero was considered a signal. Resulting
values below 0.1 were considered negative (), and those above 0.3 were con-
sidered positive (). Values between 0.1 and 0.3 were regarded as ambiguous
(/).
RESULTS
Construction of the gene array. A total of 90 resistance
genes that had already been characterized in gram-positive
bacteria were selected from the GenBank database to be rep-
resented on the microarray (Table 3). Only extrinsic poten-
tially transmissible resistance genes were included. Antibiotic
resistance due to single-base mutations of the target genes
could not be considered, since highly stringent annealing tem-
peratures would be necessary to obtain a specific hybridization
with these oligonucleotides. Each antibiotic resistance gene or
group of genes was represented on the array by two different
oligonucleotides situated apart from each other within the pro-
tein coding sequence. The oligonucleotides were chosen ac-
cording to their high specificity for the related resistance genes.
Consensus sequences were used to design the oligonucleotides
specific for several subtypes of resistance genes sharing DNA
identities higher than 89%. Hence, the chloramphenicol acet-
yltransferase genes catD and catP (99.5% DNA identitity) were
represented by the catDP oligonucleotides be_catDP_set_281
and be_catDP_set_416, the genes cat-LM, catpC223, catpSCS5,
and catpSCS7 (DNA identity, 90.6%) by the oligonucleotide
be_cat-LM_set_135, the genes cat-TC and catpC194 (99.7%) by
the cat-TC oligonucleotides cat-TC_set_170 and cat-TC_set_
232, the genes catpC221, catpUB112, catpSCS1, catpSCS6, and
catpIP501 (96.9%) by the oligonucleotide be_catpXX_set_196,
the macrolide efflux genes mef(A) and mef(E) (89.9%) by the
mef oligonucleotides be_mef_set_39 and be_mef_set_193, the
vancomycin resistance genes van(B) and van(B2) (95.6%) by
the vanB oligonucleotides be_vanB_set_65 and be_vanB_set_
151, the van(C-2) and van(C-3) genes (98.7%) by the vanC
FIG. 1. Distribution layout of the oligonucleotides on the microarray. The detectable genes are italicized, and details are given in Table 3. The
following gene abbreviations include a family of genes: catDPS detects catD, catP, and catS; catDP detects catD and catP; catpXX detects catpC221,
catpUB112, catpSCS1, catpSCS6, and catpIP501; cat-LM detects cat-LM, catpSCS5, and catpSCS7; cat-TC detects cat-TC and catpC194; mef detects mef(A) and
mef(B); msr detects msr(A), msr(SA), msr(SA), and msr(B); van(B) detects van(B) and van(B2); van(C) detects van(C-2) and van(C-3). The
position controls (ctrl) consist of biotin-labeled oligonucleotides.
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oligonucleotides be_vanC_set_37 and be_vanC_set_184, the
van(D4) and van(D5) genes (93.6%) by the be_vanD4-5_183
and be_vanD4-5_267 oligonucleotides, and the ATB-binding
transporter genes msr(A), msr(SA), msr(SA), and msr(B)
(98.5%) by the msr oligonucleotides be_msr_set_289 and
be_msr_set_655 (Table 3). For a few genes, including nor(A),
cat-LM, dfr(D), erm(Q), lnu(B), tet(U), van(Z), vat(D), and the
genes of the catpXX family, only one oligonucleotide could
be designed. The bifunctional aac(6)-Ie–aph(2)-Ia gene has
been considered as two individual targets for the microarray
design, since these genes have also been shown to confer re-
sistance when expressed separately (47). Additionally, the aac(4	)
gene, mediating aminoglycoside resistance in S. aureus, was
described as a functional aac(6)-Ie–aph(2)-Ia gene lacking the
aph(2)-Ia site (25). The sequence of each oligonucleotide, with
the corresponding genes and the specified phenotypes, is given
in Table 3. The microarray possesses five position controls (see
Fig. 2 and 3), which consist of biotin-labeled oligonucleotides.
Certain antibiotic resistance genes, such as the tetracycline
resistance gene tet(O) (GenBank accession no. M18896), the
streptomycin resistance gene str (X06627), the macrolide
resistance genes mre(A) (U92073) and msr(C) (AJ243209
and AF313494), and the vancomycin resistance genes van(D1)
(AF130997), van(D2) (AF153050), and van(D3) (AF175293),
were omitted and will be included in a second generation of the
microarray.
Detection of resistance genes in Staphylococcus. S. haemo-
lyticus VPS617, isolated from mastitis milk, showed resistance
to erythromycin (MIC,
32 g/ml), tetracycline (MIC, 32 g/ml),
gentamicin (MIC, 32 g/ml), kanamycin (MIC, 
128 g/ml),
streptomycin (MIC, 64 g/ml), sulfisoxazole (MIC, 1,024 g/
ml), trimethoprim (256 g/ml), oxacillin (MIC, 32 g/ml), and
penicillin (MIC, 8 g/ml) and was susceptible to enrofloxacin
(MIC, 0.125 g/ml), cephalotin (MIC, 1 g/ml), and an
amoxicillin-clavulanic acid combination of 2:1 (MICs, 2 and
1 g/ml, respectively). The MICs were compared with the
genes detected by the microarray (Table 4). Hybridization
analysis of VPS617 genomic DNA with the microarray re-
vealed 12 acquired antibiotic resistance genes. The erythromy-
cin resistance could be explained by the presence of an erm(C)
gene conferring resistance to antibiotics including macrolides,
lincosamides, and type B streptogramins (MLSB), an msr gene
(conferring resistance to macrolides and streptogramins B),
and an mph(C) gene that inactivates macrolides. S. haemolyti-
cus was shown to harbor the tetracycline resistance gene tet(K),
the aminoglycoside resistance genes aph(3)-III, aph(2)-Ia,
aac(6)-Ie, and ant(6)-Ia, the streptothricin resistance gene
sat4, the trimethoprim-resistant dihydrofolate reductase
gene dfr(A), the beta-lactamase gene blaZ, and the methi-
cillin (oxacillin) resistance gene mecA (Fig. 2). The staphylo-
coccal housekeeping gene norA was also detected. However,
this gene is not involved in acquired or transmissible antibiotic
resistance. The gene norA encodes a membrane-associated pro-
tein which causes resistance to hydrophilic quinolones and a
variety of other substances such as ethidium bromide, cetrim-
FIG. 2. Microphotographs of microarrays hybridized with genomic
DNAs of S. haemolyticus VPS617, C. perfringens MLP26, L. lactis
K214, and E. faecium 70/90. Spots: 1 and 2, aac(6)-Ie; 3 and 4, aac(6)-
Ii; 9 and 10, ant(6)-Ia; 13 and 14, aph(2)-Ia; 21 and 22, aph(3)-III; 25,
norA; 32 and 33, blaZ; 36, cat-DPS; 37, cat-LM; 42 and 43, catDP; 47,
catS; 51 and 52, dfr(A); 56 and 57, erm(B); 58 and 59, erm(C); 75 and
76, mdt(A); 77 and 78, mecA; 81 and 82, mph(C); 83 and 84, msr; 85
and 86, sat4; 87 and 88, tet(K); 93 and 94, tet(M); 95 and 96, tetA(P); 97
and 98, tet(S); 106 and 107, van(A); 120, van(Z); C, biotin position
marker. The layout of the array and the description of the genes are
presented in Fig. 1 and Table 3, respectively.
FIG. 3. Microphotographs of microarrays hybridized with DNAs of
E. faecalis (III and IV) and B. anthracis (I and II) before (I and III) and
after (II and IV) transformation with plasmid pRE25. Spots: 9 and 10,
ant(6)-Ia; 11 and 12, ant(9)-Ia; 21 and 22, aph(3)-III; 28 and 29, bla1;
30 and 31, bla2; 56 and 57, erm(B); 85 and 86, sat4; 137, be_vgbB_539;
C, biotin position marker. The layout of the array and the description of
the genes are presented in Fig. 1 and Table 3, respectively.
2298 PERRETEN ET AL. J. CLIN. MICROBIOL.
ide, benzalkonium chloride, tetraphenylphosphonium bro-
mide, and acriflavine only when overexpressed (32).
Detection of resistance genes in Clostridium. C. perfringens
MLP26 was isolated from the intestines of a calf. The strain
showed resistance to tetracycline (MIC, 32 g/ml), erythromy-
cin (MIC, 
32 g/ml), clindamycin (MIC, 16 g/ml), chlor-
amphenicol (MIC, 64 g/ml), and kanamycin (MIC, 
128 g/
ml), and the MICs were compared to the genotype revealed
by the microarray (Table 4). The following genes were detect-
ed in C. perfringens MLP26: the aminoglycoside resistance
genes aph(3)-III and ant(6)-Ia, the tetracycline resistance
gene tetA(P), the streptothricin resistance gene sat4, the MLSB
resistance gene erm(B), and a chloramphenicol acetyltransfer-
ase gene, one of the closely related catD, catP, and catS genes
(Fig. 2). Further differentiation of the latter by PCR and se-
quence analysis revealed the gene catP (see below).
Detection of resistance genes in Lactococcus. L. lactis K214
harbored plasmid pK214, which confers resistance to chloram-
phenicol (MIC, 32 g/ml), tetracycline (MIC, 
128 g/ml),
and streptomycin (MIC, 
128 g/ml) and decreased suscepti-
bility to erythromycin (MIC, 1 g/ml) (44). The tetracycline
resistance gene tet(S), the chloramphenicol acetyltransferase
gene cat-LM, and the multidrug transporter gene mdt(A), in-
volved in erythromycin efflux, could be detected by the corre-
sponding oligonucleotide targets in the microarray (Fig. 2).
The streptomycin resistance gene str, present on plasmid pK214,
was not revealed by the hybridization, since oligonucleotides
specific to this target gene were not included on the array. The
relationship between the phenotype and the genotype of L. lac-
tis K214 is presented in Table 4.
Detection of resistance genes in vancomycin-resistant E. fae-
cium. Microarray hybridization of E. faecium 70/90 confirmed
the presence of the vancomycin and teicoplanin resistance
genes van(A) and van(Z) in this clinical isolate. Additional
resistance genes, such as the tetracycline resistance gene tet(M),
the MLSB resistance gene erm(B), and the aminoglycoside re-
sistance gene aac(6)-Ii, were identified (Fig. 2). The antimi-
crobial susceptibility test for this strain confirmed the pheno-
typic expression of the genes detected (Table 4). E. faecium
70/90 showed resistance to vancomycin (MIC, 
128 g/ml),
TABLE 4. Relationship between the genes detected in S. haemolyticus, C. perfringens, L. lactis, E. faecium, E. faecalis and
B.anthracis using the microarray and their MICs as determined by broth microdilution
Strain Genes detected Antibiotics tested MIC (g/ml)a Susceptibility breakpointb (g/ml)
S. haemolyticus VPS617 emr(C),mph(C), msr Erythromycin 
32 0.5
tet(K) Tetracycline 32 4
aac(6)-Ie-aph(2)-Ia Gentamicin 32 4
aph(3)-III Kanamycin 
128 16
ant(6)-Ia Streptomycin 64 8c
mecA Oxacillin 32 0.25
blaZ Penicillin 8 0.12
dfr(A) Trimethoprim 256 8
sat4 None ND NA
norAd Norfloxacin 0.125 4
C. perfringens MLP26 erm(B) Erythromycin 
32 NA
Clindamycin 16 2
tetA(P) Tetracycline 32 4
catP Chloramphenicol 64 8
aph(3)-III Kanamycin ND NA
ant(6)-Ia None ND NA
sat4 None ND NA
L. lactis K214 tet(S) Tetracycline 
128 2e
cat-LM Chloramphenicol 32 4e
mdt(A) Erythromycin 1 0.25e
E. faecium 70/90 tet(M) Tetracycline 64 4
erm(B) Erythromycin 
32 0.5
aac(6)-Ii None ND NA
van(A) Vancomycin 
128 4
E. faecalis JHRE25-2 erm(B) Erythromycin 
128 0.5
Clindamycin 
32 2c
aph(3)-III Kanamycin 
128 64f
ant(6)-Ia Streptomycin 
128 64f
sat4 None ND NA
Not detected Chloramphenicol 64 8
B. anthracis BR4253 erm(B) Erythromycin 
128 0.5
Clindamycin 
32 0.5
aph(3)-III Kanamycin 1 1f
ant(6)-Ia Streptomycin 1 1f
sat4 None ND NA
Not detected Chloramphenicol 32 8
bla1 bla2 Penicillin 0.12 0.12
a ND, not determined.
b Unless otherwise indicated, the breakpoints given are those proposed in the NCCLS guidelines (38). NA, not available.
c Breakpoint proposed by the Socie´te´ Franc¸aise de Microbiologie (http://sfm.asso.fr).
d Confers resistance only when overexpressed (32).
e The breakpoints for Lactococcus are those defined by the NCCLS for Streptococcus spp. other than Streptococcus pneumoniae.
f MIC for the susceptible strains used as recipients (Table 5).
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tetracycline (MIC, 64 g/ml), erythromycin (MIC, 
32 g/ml),
and clindamycin (MIC, 
32 g/ml). The MICs of the amino-
glycosides that can be affected by aac(6)-Ii, e.g., amikacin and
tobramycin (16), were not determined.
Detection of the genes present on the multidrug resistance
plasmid pRE25. Plasmid pRE25 was used as a gene target for
the detection of antibiotic resistance genes in both E. faecalis
and B. anthracis strains. In E. faecalis JHRE25-2, plasmid
pRE25 confers resistance to erythromycin, clindamycin, chlor-
amphenicol, and the aminoglycoside antibiotics kanamycin and
streptomycin (Table 5). The resistance of strain JHRE25-2 to
these antibiotics results from the presence of genes aph(3)-III,
ant(6)-Ia, erm(B), and sat4 on plasmid pRE25 (48) (Table
4). They could be detected with the microarray (Fig. 3). No
signal was obtained with the chloramphenicol acetyltransferase
gene target catpXX, although catpIP501 is present in E. faecalis
JHRE25-2, as confirmed by PCR using genomic DNA.
Detection of resistance genes in B. anthracis. The avirulent
B. anthracis strain 4230, which lacks the virulence plasmid
pXO1 and contains the spectinomycin resistance gene ant(9)-
Ia instead of the capsule genes on pXO2, was used as a model
for the detection of resistance genes in B. anthracis. Microar-
ray-based analysis of B. anthracis 4230 DNA revealed the pres-
ence of the -lactamase genes bla1 and bla2 and the spectino-
mycin resistance gene ant(9)-Ia (Fig. 3). It should be noted that
both the bla1 and bla2 genes are endogenous to B. anthracis
but are not expressed (10). One hybridization signal was ob-
tained with only one of the two oligonucleotides specific to the
vgb(B) gene. The vgb(B) gene, however, could not be amplified
from B. anthracis by PCR, confirming that this gene was not
present in the strain.
Plasmid pRE25 was then transferred from E. faecalis RE25
to B. anthracis 4230 by conjugation in order to obtain B. an-
thracis strains carrying acquired resistance genes. The MICs of
different antibiotics were determined for the donor strain
E. faecalis RE25, the recipient strain B. anthracis 4230, and the
resulting B. anthracis transconjugants by a broth microdilution
test (Table 5). The MIC for the B. anthracis transconjugant
BR4253 was then compared to the antibiotic resistance genes
detectable by microarray hybridization (Table 4). In the B. an-
thracis transconjugant BR4253, plasmid pRE25 conferred
resistance only to erythromycin, clindamycin, and chloram-
phenicol, not to kanamycin or streptomycin, although the amino-
glycoside resistance genes aph(3)-III and ant(6)-Ia could be
detected by DNA hybridization with the microarray (Fig. 3).
The resistance genes erm(B) and sat4 of plasmid pRE25, as
well as the B. anthracis genes bla1, bla2, and ant(9)-Ia, were
also detected. As with E. faecalis JHRE25-2, the catpIP501 gene
of pRE25 was not detected in B. anthracis BR4253 by micro-
array hybridization (Fig. 3) but could be amplified by PCR.
Specificity testing of the microarray using reference strains.
The specificity and sensitivity of the oligonucleotides present
on the microarray in detecting antibiotic resistance genes were
tested using reference strains that harbor specific antibiotic
resistance genes (Table 1). Twenty-nine strains in addition to
those presented in Fig. 2 and 3 were hybridized with the mi-
croarray. Each of these strains harbors 1, 2, or 3 reference
antibiotic resistance genes, for a total of 43 genes. All of these
genes could be detected with the specific oligonucleotides
present on the microarray, with the exception of the oligonu-
cleotide be_vanC_set_184, which did not hybridize with the
van(C)-carrying Enterococcus casseliflavus strains UC73 and
DSM20680. The van(C) gene was revealed in these strains with
a second oligonucleotide, be_vanC_set_37. The hybridization
analyses of the reference strains revealed, besides the refer-
ence antibiotic resistance genes, the presence of additional
antibiotic resistance genes (Table 1). Overall, a total of 125
oligonucleotides (out of 137) were tested by hybridization of 71
different antibiotic resistance genes.
Confirmation of the resistance genes by PCR. The resistance
genes detected in the field strains S. haemolyticus VPS617 and
C. perfringens MLP26 and in the transconjugants E. faecalis
JHRE25-2 and B. anthracis BR4253 by the microarray hybrid-
izations were confirmed by PCR amplification using specific
oligonucleotide primers situated apart from the hybridization
oligonucleotides. The chloramphenicol acetyltransferase de-
terminant of C. perfringens MLP26 was determined by PCR
using primers catDPS-F and catDPS-R, which allowed the
amplification of either catD, catP, or catS, and by sequence
analysis. The tet(L) and tet(U) genes of Enterococcus gallina-
rum BM4174 and the aac(6)-Ii gene of E. faecium 70/90 were
first detected with the microarray, then confirmed by PCR and
sequence analysis, and used as references. The PCR primers
are listed in Table 2.
DISCUSSION
The microarray was designed with oligonucleotides of 26 to
33 bases. This enabled us to find consensus sequences within a
family of genes sharing high DNA identities (Table 3). The
consensus sequences do not allow for identification of the few
different bases which distinguish these genes but indicate to
which family they belong. The exact identification of these
genes can then be performed using either a more specialized
array, PCR, or sequencing if required. The use of oligonucle-
otides instead of PCR products as used by Call et al. (8)
facilitated and accelerated the elaboration of the microarray,
since no PCRs and no template DNA of reference strains were
necessary. The oligonucleotides show higher hybridization
specificity than PCR products and allow a shorter hybridiza-
tion time. They were found to be highly specific for the target
genes by hybridization at a temperature of 60°C in 1 h only.
Two different oligonucleotides were chosen for each resis-
tance gene, with the exception of nine genes where only a
single specific oligonucleotide could be found. The use of two
different oligonucleotides for the detection of resistance genes
has the advantage of increased specificity and sensitivity of the
TABLE 5. Susceptibilities of E. faecalis, B. anthracis, and
transconjugants containing plasmid pRE25 to different antibiotics
Strain
MIC (g/ml)a of:
ERY CLI CHL KAN STR
E. faecalis RE25 
128 
32 64 
128 
128
E. faecalis JH2-2 0.25 2 1 64 64
E. faecalis JHRE25-2 
128 
32 64 
128 
128
B. anthracis 4230 1 0.25 4 1 1
B. anthracis BR4253 
128 
32 32 1 1
a ERY, erythromycin; CLI, clindamycin; CHL, chloramphenicol; KAN, kana-
mycin; STR, streptomycin.
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method. Hence, a hybridization signal was obtained with B.
anthracis DNA (Fig. 3) that was shown to be free of the vgb(B)
gene by PCR but that hybridized with the oligonucleotide
be_vgbB_539 and not with be_vgb_273. Similarity searches of
nucleotide data banks using the BLAST search for short,
nearly exact matches (National Center for Biotechnology In-
formation) revealed an exact match of 14 nucleotides for the
oligonucleotide be_vgbB_539 with genomic DNA of B. anthra-
cis strains. These 14 nucleotides may have hybridized to B. an-
thracis DNA despite the use of a high hybridization tempera-
ture of 60°C. Lack of sensitivity was found with two probes
only: the probe be_vanC_set_184, which could not detect the
van(C) gene in either of the E. casseliflavus strains UC73 and
DSM20680, and the probe be_catpXX_set_196, which could
not detect the catpIP501 gene of plasmid pRE25 (Fig. 3). How-
ever, the be_catpXX_set_196 target was able to detect a PCR
product of the catpIP501 gene labeled with biotin-16-dUTP as
well as the catpC221 of plasmid pC221 (Table 1). This demon-
strated that the be_catpXX_set_196 oligonucleotide was effec-
tively spotted on the microarray and indicated that the detec-
tion of the catpIP501 may depend on the labeling procedure.
Additionally, formation of DNA hairpins and/or auto-anneal-
ing of the randomly amplified DNA fragment may also affect
the hybridization procedures. Further investigations are now
necessary to elucidate this technical gap. In an effort to obtain
at least two oligonucleotide targets for each antibiotic resis-
tance gene, new sequence alignments are currently under way.
The specificity and sensitivity of the microarray in detecting
resistance genes was tested with gram-positive bacteria of eight
different genera (Bacillus, Clostridium, Enterococcus, Lactococ-
cus, Lactobacillus, Listeria, Staphylococcus, and Streptococcus)
harboring different antibiotic resistance genes and with resis-
tance genes cloned into E. coli vectors. The hybridization anal-
ysis using genomic DNAs of these bacteria enabled verification
of the sensitivity of 125 of the 137 oligonucleotide targets and
identification of 71 resistance genes. All the genes known to
be present in the reference strains listed in Table 1, except
catpIP501 in E. faecalis, could be recovered and identified with
the microarray. The microarray also identified additional genes
that were present in the reference strains. Additionally, it iden-
tified 12 resistance genes involved in the multidrug resistance
of S. haemolyticus VPS617 and 8 genes in C. perfringens MLP26.
The antibiotic resistance phenotypes correlated in both strains
with the genes detected.
The resistance gene array allowed us to characterize in less
than 24 h a collection of resistance genes in two important
pathogenic bacterial species of animal origin, namely, S. hae-
molyticus and C. perfringens. For example, the erythromycin
resistance in S. haemolyticus could be explained by the pres-
ence of three different genes [erm(B), msr, and mph(C)] known
to be involved in resistance to macrolide antibiotics (Fig. 2 and
Table 4). This is, to our knowledge, the first report of the de-
tection of sat4, aph(3)-III, and ant(6)-Ia genes in a C. perfrin-
gens strain, suggesting the presence of a Tn5405-like structure.
Transposon Tn5405 carries an ant(6)-Ia–sat4–aph(3)-III
cluster which is widespread among staphylococci and entero-
cocci (19, 48, 55) and might have been transferred from one of
these species to C. perfringens. This demonstrated the efficiency
of this technology to rapidly characterize antibiotic resistance
genes in strains whose resistance genotype was completely
unknown. Furthermore, automation of the hybridization pro-
cedures is conceivable, since all the hybridization steps are
performed in the same tube. The microarray technology will
then facilitate and speed the analysis of antibiotic resistance
genes.
The microarrays have the particular advantage of detecting
the presence of antibiotic resistance genes that are not pheno-
typically expressed in vitro. Indeed, B. anthracis BR4253 does
not phenotypically express either of the aminoglycoside resis-
tance genes aph(3)-III and ant(6)-Ia present on plasmid pRE25.
The expression of these genes might be repressed in B. anthra-
cis, as is the case for both -lactamase genes bla1 and bla2,
whose expression is not sufficient to confer penicillin resistance
on B. anthracis (10).
Antibiotic-resistant bacteria today are present in a large va-
riety of ecological niches such as hospitals, the environment,
and food. The microarray presented in this study has been
shown to be an efficient prototype that allows for rapid screen-
ing of resistance genes in gram-positive bacteria. This technol-
ogy should rapidly find application in surveillance programs of
antibiotic resistance genes, industry, and research in order to
limit the emergence and spread of antibiotic resistance genes
and extend the therapeutic action of existing drugs.
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